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INTRODUCTION
Advances achieved by researchers and growing concerns over viable reuse of waste have resulted in establishing polymer matrix composites (PMCs) reinforced with wood flour as a technology employed worldwide. 1 The use of wood fibers or wood flour as fillers in thermoplastics has been known since the 1970s in the automotive industry, which uses polypropylene/wood flour composites called Woodstock ® . 2, 3 Today, research in this field has become increasingly important in helping manufacturers to tailor competitive wood products for a wider range of applications. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Two aspects must be considered: composite processing, since factors such as degradation and residence time are important parameters that influence properties, [17] [18] [19] [20] [21] and compatibility between the materials' phases. 7 Wood plastic composites (WPC) have limited applications due to the intrinsic properties of wood, such as its hydrophilicity and the relatively low dimensional stability of lignocellulosic components. Water absorption by wood affects its interfacial quality and compromises its mechanical properties. To attenuate this problem, several approaches have been tested to enhance the compatibility between wood particles and polyolefin matrices by modifying the interfacial interactions in these composites. 1, 22 Cellulose is a polysaccharide whose structure is compounded by the constant repetition of the glucose molecule. 23 This molecule has high polarity due to the three hydroxyl groups in its constitution, providing strong intermolecular bonding. This is the reason why pure cellulose does not exhibit thermoplastic behavior, i. e., undergoes melt transition like synthetic polymers. Many reagents have been tested to modify the cell-wall components and improve adhesion, with varying degrees of success, including acid chloride, isocyanates, aldehydes, alkyl halides, anhydrides, lactones, nitriles, etc. Among these reagents, the chemical modification of lignocellulose using acetic anhydride is perhaps the simplest, safest and cheapest method for improving the strength, dimensional stability and rot resistance of wood flour.
Hydroxyl groups are the most abundant and reactive sites for polymers in the cell wall of lignocellulosic materials.
11, 23 The reaction of these hydroxyl groups with acetic anhydride forms ester bonds in cell walls of the wood and in intercellular regions, creating stable acetate groups (Equation 1) that reduce the hydrophilicity of cell-wall components, decrease the wood's polarity and improve interfacial adhesion with the polymer, increasing the resistance to degradation and durability of WPC. 14, 24 (
In this reaction, the hydrogen atom that belongs to cellulose hydroxyl is replaced by an acetic group from acetic anhydride, yielding a carboxylic acid and an ester group in the wood, which is less polar to strong hydroxyl. This strategy renders wood more compatible with apolar polymers such as polyolefins.
Hence, the objectives of this study were to verify the effects of the proportion of acetic acid/anhydride on the acetylation of wood flour at varying times and temperatures and to examine hydroxyl and carbonyl groups by FTIR. The influence of these parameters was verified by experiments with a factorial design and partial least squares regression, both useful techniques for obtaining information concerning the effect of parameters in a given process.
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EXPERIMENTAL
Materials
Wood flour (100 mesh) from Pinus sp. trees, with a density of 0.25 g/cm³, was supplied by Pinhopó Ltda. Acetic acid and acetic anhydride (both from Biotec) were used in different ratios in the acetylation treatments, and the reaction was catalyzed by sulfuric acid (Biotec).
Methods
Wood flour acetylation
Acetylation was performed according to the method described by Lisperguer et al.. 11 The wood flour was oven-dried at 105 ºC for 6 h prior to preparing the samples. The resultant flour was then treated by mixing 5 g of flour in 100 mL of a mixture of reagents and 2 mL of sulfuric acid. The experiments were performed in two steps. First, the acetylation time and temperature were kept constant at 60 ºC for 2 h, using varying ratios of 100:0, 75:25, 50:50, 25:75, and 0:100 of acetic acid and anhydride. After identifying the best reagent ratio, the acetylation kinetics were studied at varying times and temperatures. The chemical treatment was applied at 60, 70, and 80 ºC for 1, 2, and 4 h. In both treatments, after the acetylation step, the wood flour was washed in ethanol to remove excess chemicals, filtered and oven-dried at 105 ºC for 2 h.
Fourier transform infrared spectroscopy (FTIR)
Samples were analyzed by Fourier transform infrared spectroscopy (Nicolet 4700 spectrometer) to determine the concentrations of carbonyl (C=O) and hydroxyl (OH) groups. Treated wood flour was mixed with potassium bromide at 1% (w/w). The mixture was pressed into a sample holder and examined spectroscopically. Spectra were recorded for 40 scans at 4000 to 400 cm -1 , with a resolution of 2 cm -1
.
Multivariate analysis
To determine the effect of acetic anhydride and acid concentrations on the wood's chemical modification, FTIR spectra were subjected to multivariate calibration by partial least squares (PLS) regression using Infometrix Pirouette 4.1 software. The data were mean-centered and the regression was cross-validated.
Factorial design
The effect of varying the acetylation parameters was evaluated from empirical models based on the factorial design method, using the aforementioned concentration ratios of carbonyl and hydroxyl groups. These values were matricized and the data fitted empirically to an equation using suitable software. For all the tested models, the significance of their coefficients and the regression equation were determined statistically by t and F tests, respectively. This evaluation involved testing two parameters, namely, temperature (T) and time (t).
RESULTS AND DISCUSSION
Influence of chemical concentrations on acetylation kinetics
Wood cellulose consists of units that have three hydroxyl groups, producing a strong band in FTIR spectra at 3500 cm -1 , as indicated in Figure 1 . Considering that acetylation treatment causes hydroxyl groups to convert into carbonyl groups, their FTIR absorption spectra are expected to show differences. As the figure indicates, the hydroxyl peak of treated wood decreased, while the carbonyl peak at 1750 cm -1 increased. This peak was attributed to ester produced during the acetylation reaction.
The spectral data of all the treated samples were used in a partial least squares regression (PLS) to identify the influence of chemical concentration on their spectra. PLS is a mathematical tool that enables the construction of a polynomial (Equation 2) which correlates, specifically in this case, FTIR spectra with the changes in functional groups as a function of acetic acid/anhydride ratio. (2) where ŷ is the concentration of acetic acid or anhydride, x i is the absorbance value for the i-th infrared wavenumber and b i its respective coefficient. Absorbance values were used as independent variables and the concentrations of acetic acid and anhydride as dependent variables. In this analysis it was decided to perform the regression for the acetic acid concentration; however, since the sum of the chemicals must be 100%, the same results would probably have been found for acetic anhydride. With regard to cross-validation during PLS regression, Figure 2 shows good correlation between measured and predicted values of acid concentration for a linear regression, since the calibration (r cal ) and validation (r val ) coefficients were 0.9998 and 0.992, respectively. Figure 3 shows the regression vector, which corroborates the results given in Figure 1 , i.e., hydroxyl and carbonyl bands are the most affected and the hydroxyl concentration decreases with acid concentrations, while carbonyl concentration increases. Since the absorbance peak is directly related to group concentration, according to the Lambert-Beer law, this indicates that the hydroxyl groups were converted into carbonyl groups. Figure 4 illustrates the absorbance ratio of carbonyl and hydroxyl as a function of chemical concentrations. The results shown represent an average of 5 measurements and the standard deviation bars confirm the accuracy of the measurements. Results showed that this conversion was more pronounced at the concentration of 50/50 (v/v); therefore, this composition was employed to reduce the polarity of the wood flour for use in the polymer composites.
Influence of time and temperature on acetylation kinetics
The above-described measurements indicated that the optimal composition to convert hydroxyl groups into carbonyl groups was 50/50 (v/v). The next step was to determine the influence of time and temperature on the acetylation kinetics, while keeping this composition constant. Akin to all chemical reactions, acetylation is affected by these parameters. However, the purpose of these experiments was to determine and quantify this influence. Table 1 shows the variation in the absorbance ratio of carbonyl and hydroxyl as a function of acetylation time and temperature.
The maximum error calculated for the replications performed for each condition was 7.2%. The [C=O]/[OH] ratio increased in response to increasing time and temperature, despite the decrease for 2 h at 80 ºC. To determine the magnitude of influence of acetylation time and temperature, a linear multiple regression was performed, using a 3 2 factorial design. Thus, the magnitude of time and temperature, as well as their interactions, were calculated and plotted, as illustrated in Figure 5 .
The statistical significance of the parameters and regression were verified by t and F tests, respectively, assuming a 95% level of confidence. The regression coefficient (r 2 ) was 0.90. The results indicated that time was the most influential parameter, since the value of its coefficient was 40-fold higher than that of temperature. Therefore, the conversion of hydroxyl into carbonyl groups is more strongly affected by time. The values of these coefficients were used to build a response surface, illustrated in Figure 6 , which shows a quadratic The spectra in Figure 7 , which compares the regions at 3500 and 1750 cm -1 of untreated wood and wood acetylated at 60 ºC, were plotted to corroborate these results. With increasing treatment time, the band at 3500 cm -1 showed a pronounced decrease, while the band at 1750 cm -1 increased. Since these spectra were recorded from samples containing the same concentration, the spectra did not have to be normalized and the changes in absorbance can be observed directly.
CONCLUSIONS
To reduce the polarity of wood flour and increase its compatibility with polymer matrices for the production of composites, acetylation Quim. Nova reactions were performed with varying concentrations of acetic acid and anhydride. The FTIR spectra indicated that the acetylation reactions caused the hydroxyl groups to convert into carbonyl groups, signifying a reduction in polarity. PLS regression revealed that the most affected bands were 3500 and 1750 cm -1 , corresponding to hydroxyl and ester carbonyl groups, respectively. The accuracy of this regression was confirmed by the values of r 2 val and r 2 cal obtained. A mixture of 50%/50% (v/v) acetic acid and anhydride was found to yield the highest ratio of carbonyl to hydroxyl groups. This mixture was used to determine the influence of time and temperature on the acetylation kinetics. These two parameters increased the carbonyl--to-hydroxyl ratio, but multiple linear regression using a 3 2 factorial design indicated that time was the more influential parameter. This regression and the parameters calculated from it proved to be statistically significant on t and F tests.
